We investigated how pacing from different endocardial sites affects the left ventricular three-dimensional contraction pattern and performance in intact anesthetized dogs. We used data from the motion of radiopaque markers implanted in the left ventricular endocardium in an analysis based on the polar decomposition theorem to determine the left ventricle's threedimensional principal directions and magnitudes of deformation, and its axis and angle of rotation during the cardiac cycle. This paper also derives a new procedure that permits statistical comparison of different left ventricular cavity deformation patterns. During normal sinus rhythm and pacing from the right atrium, left ventricular septum, left ventricular apex, and right ventricular apex, the principal directions of left ventricular deformation remained relatively fixed with respect to the left ventricle's anatomy, independent of heart rate and pacing site. These directions were oriented in septum-free wall, anterior-posterior, and apex-base directions. Endsystolic pressure and volume did not vary significantly among pacing sites. End-diastolic volume varied significantly among pacing sites, with right ventricular apical pacing producing the smallest end-diastolic and stroke volume. These results reveal that beats produced by right ventricular apical pacing eject less blood compared with beats produced by right atrial, left ventricular septal, or left ventricular apical pacing. {Circ Res 53: [72][73][74][75][76][77][78][79][80][81][82][83][84][85] 1983) 
ELECTRICAL depolarization of the left ventricular myocardium via the normal conducting system is rapid and synchronous (Durrer et al., 1970; Myerburg et al., 1972; Nagao et al., 1981; Scher and Young, 1956) . Depolarization from outside the normal conducting system alters the timing and sequence of electrical depolarization (Lister et al., 1964) and, consequently, of mechanical contraction (Badke et al., 1980; Hotta, 1967; Miyazawa et al., 1978) . How altered electrical depolarization and mechanical contraction affect ventricular performance is controversial, and how the altered depolarization affects the three-dimensional pattern of contraction is unknown. We designed this study to investigate how pacing from different sites alters left ventricular three-dimensional contraction pattern and performance in anesthetized dogs whose chest had never been opened. Since the sequence of electrical depolarization in dogs is similar to that in humans (Durrer et al., 1970; Hamlin and Smith, 1965) , we created conditions as similar as possible to closedchest single-electrode endocardial pacing in humans. We compared normal sinus beats to beats paced from the endocardium of the right atrium, left ventricular septum, left ventricular apex, and right ventricular apex in an attempt to relate the site of electrical depolarization to left ventricular threedimensional pattern of contraction and to performance. Compared with normal sinus beats, the three-dimensional pattern of contraction became progressively altered during pacing from the right atrium, left ventricular septum, left ventricular apex, and right ventricular apex. As a result, end-diastolic volume became progressively smaller despite similar end-systolic volumes.
Methods

Implantation of Markers
Six dogs weighing 21-30 kg were anesthetized with 30 mg/kg pentobarbital injected intravenously. Six to nine radiopaque tantalum markers (1x2 mm wire helices) were then implanted in the left ventricular endocardium as previously described (Walley et al., 1982) . At least one marker was implanted in each of the following locations: the aortic valve ring, the apex, and the septal, anterior, posterior, and free (or lateral) walls. At no point during instrumentation or during the pacing experiment was the dog's chest opened.
Experimental Preparation
The pacing experiments were performed 4-6 weeks after the markers had been implanted. Each dog was premedicated with 4 mg/kg morphine injected subcutaneously and then anesthetized 1 hour later with 70-100 mg/kg a-chloralose injected intravenously. Anesthesia was supplemented hourly with alternate doses of 15 mg of morphine and 300 mg of chloralose; this combination of anesthetics maintained normal heart rate (Arfors et al., 1971) . The trachea was inrubated and the dog ventilated with a Harvard respirator. Arterial blood was drawn hourly to monitor pH, P02, Pco?, HCO 3 " (Cox, 1972) . Sodium bicarbonate was administered with the chloralose (3-4 mEq/100 mg chloralose) to maintain normal pH and HCO3-.
After placing the dog in the x-ray system, we introduced a 7F Millar solid-state micromanometer with a fluid lumen into the left ventricle via the carotid artery, a Swan-Ganz catheter in the pulmonary artery via the jugular vein, and a fluid-filled catheter in the aortic root via the femoral artery. To minimize catheter drift, we placed the Millar catheter in a constant temperature bath at 37°C overnight with the catheters energized by Validyne solid-state pressure amplifiers. The catheter lumens, including the Millar lumen, were connected to Statham P23Db pressure transducers, which were zeroed at the mid-point of the heart. The readings from the Millar solid-state transducer and lumen pressure were periodically compared to check for drift (Battagin and Glantz, 1982) .
Protocol
The dog's heart was paced using a 6F bipolar pacemaker introduced via a femoral artery or vein. We used the fluoroscopes to place the pacemaker catheter tip in the following positions: right atrium (RA), right ventricular apex (RVA), left ventricular septum (LVS), and left ventricular apex (LVA). The position of the tip was later verified by examining the cine film. The location of the catheter tip when pacing from each of these sites was similar in all dogs. We connected the pacing catheter to a Medtronics stimulator with the current set at 3 mA and the heart rate set to the lowest rate which provided reliable capture, generally 80 to 90 beats/min. We also collected data at faster rates (100-130 beats/min). The numerical results presented in this paper are based on the slowest paced rates; we obtained similar results at all heart rates.
We paced for at least 3 minutes at each site to reach a hemodynamic steady state before recording any data. We then measured cardiac output by thermal dilution (Edwards cardiac output computer) two to four times and computed the average value. The respirator was then turned off at end-expiration and data recorded for 10-15 seconds. We filmed the heart in the frontal and lateral projections at 60 frames/sec in biplane alternating mode. Left ventricular, aortic, and pulmonary artery pressures and three ECG leads (I, III, and VI) were recorded on a Honeywell 5600C FM tape recorder. The film and the analog data were synchronized by means of a cinemark that simultaneously blanked the film and superimposed a pulse on one ECG channel.
To ensure that changes in the pattern of contraction and hemodynamic variables were due to pacing from different sites and not to physiological deterioration of the dog during the experiment, normal sinus beats were recorded at the beginning, middle, and end of the experiment. Pacing from the specific sites was neither done in any predetermined order nor strictly randomized. Rightsided pacing was completed before leftsided pacing in five of the six dogs.
At the end of the experiment, the dogs were killed and the hearts were sliced parallel to the mitral valve ring at 1-cm intervals. The slices were radiographed to verify the marker positions.
The analog data were digitized at a 200-Hz (5-msec) sampling rate (Horowitz and Glantz, 1979) . Plots of the digitized ECG and pressure data were used to select one 73 or two beats for analysis during pacing from each site. We selected beats from times when peak systolic pressures and left ventricular dP/dt were in steady state. To ensure that no atrial contraction occurred before ventricular contraction during ventricular pacing, we analyzed paced beats in which no *a' wave was present on the left ventricular pressure tracing and in which no *P* wave was present in any of the three ECG leads. Right atrial endocardial recordings verified the absence of atrial contraction before ventricular contraction in beats which fulfilled both of the above criteria (Fig. 1) .
End diastole was defined as the instant just before the rapid rise in the left ventricular pressure (after the "a' wave for sinus beats and beats paced from the right atrium). End systole was defined at dP/dtmm, when flow across the aortic valve ceases (Abel, 1981) .
The cine film was projected onto a Talos digitizing tablet, and the marker positions were digitized by hand for both frontal and lateral projections for all frames during the selected beat. The three-dimensional positions of each marker were computed every 1/60 sec (16.6 msec) from these data as previously reported (Davis et al., 1980) . No correction was made for the phase offset between the two alternating cine views.
Geometric Analysis
We describe how the heart changes size and shape and rotates in the chest as it contracts using the method developed by Walley et al. (1982) . We use the markers' three-dimensional coordinates to estimate the dilation matrix, D, and the rotation matrix, R. The eigenvectors of the dilation matrix, D, are the three mutually perpendicular principal directions of deformation, and the associated eigenvalues describe the magnitude of the contraction. We describe the orientation of these eigenvectors in a coordinate system fixed with respect to the heart's anatomy. We visualize the positions of the eigenvectors by plotting their projections on an Aitoff equal area projection of a globe placed around the heart (Fig. 2) . The rotation matrix, R, defines the axis and angle of pure rotation (with no shape change) of the entire ventricle throughout the cardiac cycle. Thus, D describes shape change but not rotation, and R describes rotation without shape change.
During the first recording of data for normal sinus beats, the reference coordinate matrix of the marker positions at end diastole was computed as the mean three-dimensional coordinates of the markers at least at two end diastoles. The same reference matrix was used for all beats, regardless of pacing site. This perspective differs from the primary focus of our earlier work (Walley et al., 1982) , in which the reference state was generally taken to be end diastole of the current beat. The mathematical analysis is identical in both cases; the interpretation of the results is different. In this paper, the eigenvalues and eigenvectors quantify how the heart deformed and rotated from its shape and orientation at end diastole during the normal sinus beats.
This analysis also yields a relative volume referenced to the first normal sinus beat, the eigenvolume, V E . The eigenvolume for a normal sinus beat at end diastole is, by definition, 1.0. If the volume for a given frame was 80% of the normal sinus end-diastolic volume, the associated eigenvolume would be 0.80.
To compare the principal directions of left ventricular shape change statistically, we need to compare the eigenvectors of D observed under different experimental conditions. We represent these eigenvectors as the columns
(A) Normal Sinus Rhythm
Circulation Research/Vol. 53, No. 1, July 1983 (B) Left Ventricular Pacing J A n n 0.00 1.00 2.00 3.00 1.00 1.00 TIME (seconds) FIGURE 1. Panel A: the normal sequence of conduction, with atrial depolarization ("A") preceding ventricular depolarization ("V"), occurs during normal sinus beats. Panel B: during ventricular paced beats, atrial depolarization follows ventricular depolarization and occurs during ventricular systole when the mitral valve is closed. No "a" wave is present on the high-gain left ventricular pressure tracing, and no "p" waves are seen in the two surface ECGs. (These data, and the data for the other illustrations are from dog 316.) of a 3 x 3 orthonormal matrix E (Walley et al., 1982) . The nine elements of E are not, however, indepedent, since each column is constrained to represent a unit vector and the three unit vectors must be mutually perpendicular. It is possible to replace E with an equivalent set of three socalled Euler angles (Kane et al., 1982) which have a clear physical meaning. The eigenvectors are represented in a three-dimensional coordinate system fixed with respect to the heart's anatomy (Walley et al., 1982) . Axis 3 of the coordinate system points from the left ventricular apex to base; axis 1 is perpendicular and points toward the free wall; axis 2 points posterior to complete the righthand coordinate system. The three eigenvectors in E also define three mutually perpendicular directions. We can rotate three mutually perpendicular directions that are initially coincident with the coordinate axes to orient them parallel to the directions defined by E using the following procedure. First rotate the directions by an amount a t about the first coordinate axis, then by an amount a 2 about the second coordinate axis, and finally by an amount a 3 about the third coordinate axis. ct\, a-i, and a 3 , the three Euler angles, can be computed uniquely from E using the algorithm in the Appendix. The three Euler angles contain all the information in E. Since the three Euler angles are independent, they not only provide a condensed way to present the eigenvectors but also are amenable to relatively straightforward statistical analysis.
The Euler angles provide the key to defining the average systolic orientation of the principal directions of contraction, as well as a scalar measure of how much these directions vary during systole. To compute the average eigenvector orientation, we first compute the Euler angles associated with each frame, average these angles, then use the resulting average Euler angles to construct the equivalent average eigenvector matrix, E, vg (Appendix).
Having defined this average orientation for the eigenvectors, we can use it to define the following scalar measure of how much the principal directions' orientation varies during a period of interest (e.g., systole). Let En be the eigenvector matrix associated with cine frame n. The angle (in three dimensions) between En and E. vg is (Walley etal., 1982 ):
Denote a) n the wobble angle for frame n. We compute a measure of variability in eigenvector orientation analogous to a standard deviation by computing the root mean square value of the wobble angle over all N frames of interest:
Z co n 2 /(N -1).
Statistical Analysis
Results are summarized as mean ± SD. We tested the null hypothesis that the five experimental conditions (nor-Base Apex FIGURE 2. To define a spherical coordinate system fixed in the heart to describe the three mutually perpendicular principal directions of contraction (eigenvectors of dilation), imagine the heart enclosed in a globe. The base is at the north pole, the apex is at the south pole, and the freewall marker is at 0° longitude. We will consider the eigenvectors fixed at the center and map how the tips move on the surface of the globe. (Reprinted from Walley et al., 198Z) mal sinus rhythm and pacing from the right atrium, left ventricular septum, left ventricular apex, and right ventricular apex) did not alter the variable of interest using a single-factor repeated-measures analysis of variance. We tested the null hypothesis that experimental condition did not affect the orientation of the principal directions of shape change by subjecting the triple of Euler angles to a single-factor repeated-measures multivariate analysis of variance using the BMDP4V statistical package (Davidson and Toporek, 1981) . When the analysis of variance revealed a significant effect, we applied a Student-Newmann Keuls multiple-range test with a = 0.06 to isolate the subgroups within the data. This value of a was selected rather than the traditional value of 0.05 because it resolved most of the ambiguities that arose in the multiple comparison testing. The subgroups from the multiple comparison testing are indicated by horizontal underlining in the tables (Zar, 1974) . We also tested the null hypothesis that the results of the present study for normal sinus beats were no different from those observed in our previous study (Walley et al., 1982) using unpaired /-tests.
Results
Prediction of Three-Dimensional Marker Positions during Systole
To test whether the assumption of homogeneity was valid during the altered patterns of depolarization produced by pacing, we compared observed marker positions with those predicted from the computed R and D matrices. We used a previously 75 defined measure of fit, r, to quantify the closeness of fit for each frame analyzed (Walley et al., 1982) . Like a standard Pearson product-moment correlation coefficient, the closer r is to 1.0, the better the agreement between the predicted and observed data points, R was usually greater than 0.95 and only rarely was less than 0.90 for all frames throughout the cardiac cycle. The high r values indicate that our approach provides a good description of how the left ventricle is dilating and rotating as it beats, even though pacing from different sites alters the normal depolarization pattern.
Normal Sinus Beats
For the normal sinus beats, the three eigenvectors were generally oriented along the left ventricle's anatomic axes (Fig. 3A) . One eigenvector was oriented along the base-apex, or long axis, with associated eigenvalue ALONG-The other two eigenvectors complete the orthogonal set near the equatorial plane of the ventricle; one was oriented along the anterior-posterior axis, with associated eigenvalue X AP , and the other along the septum-free wall axis, with associated eigenvalue A S F-Although the eigenvectors for normal sinus beats were generally oriented as we previously reported (Walley et al., 1982) , their orientation did not vary as widely throughout the beat as previously reported. This difference is probably due to the higher frame rate and more accurate digitization in the present study. The variation in orientation of the eigenvectors during systole quantified by the root mean squared wobble angle, w^a, was only 14° ± 7° (Table 2) .
For a normal sinus beat, the magnitude and pattern of shape change along the eigenvectors were qualitatively similar to the pattern previously described ( Fig. 3B ; Tables 1 and 2 ). The long axis shortened less than 10% at end systole (mean ALONG = 0.93), and the anterior-posterior direction shortened slightly more than the septum-free wall direction at end systole (mean AAP = 0.71 vs. A S F = 0.77). The end-systolic values of ALONG were similar to those we reported earlier (Walley et al., 1982) , but ASF/ A A p, and eigenvolume were significantly smaller (P < 0.05). Thus, the hearts in the present study appeared to contract more vigorously than reported in our earlier work (Walley et al., 1982) .
The left ventricle also rotated in the chest as it ejected and rotated back to its end-diastolic orientation as it filled. The mean end systolic rotation was 7.3° in a righthand sense about the axis of rotation ( Fig. 3B ; Table 1 ), compared with 4.7° in our earlier work (P < 0.05). The axis of rotation was similar, generally pointing towards the dog's left and caudad.
The sinus beats recorded at the beginning, middle, and end of the experiments had similar three-dimensional patterns of/ contraction and pressure-volume loops, indicating little change in these variables during the course of the experiment. Figure 4A shows the orientation of the three mutually perpendicular eigenvectors during systole of a normal sinus beat. The eigenvectors are very stable during systole. Eigenvector 1 is the septum-freewall eigenvector, 2 is the anteropostenor eigenvector, and 3 is the base-apex or long eigenvector. Each black rectangle connected by lines represents a single cine frame 1/60 sec apart in time. Panel B: left ventricular pressure, dP/dt, eigenvalues, eigenvolume, and rotation angle for the beat in panel A. End diastole was defined at the minimum pressure after the "a" wave. The vertical lines indicate the times of end diastole, dP/dt mM1 , and dP/dt mbl (end systole).
Heart Rate during Pacing
The mean paced heart rate was significantly higher than the mean sinus heart rate (64 ± 8 beats/ min, P < 0.001). However, the heart rates during pacing did not suffer significantly from each other (right atrium, 82 ± 7; left ventricular septum, 85 ± 3; left ventricular apex, 88 ± 7; right ventricular apex, 87 ± 13 beats/min). Thus, differences in performance during pacing from different sites were probably not due to rate-related factors.
Paced Beats: Dilation
As might be expected from the normal sequence of depolarization via the specialized conducting system, the beats that were from most to least similar to normal sinus beats were beats paced from the right atrium, left ventricular septum, left ventricular apex, and right ventricular apex.
The mean systolic orientation and stability of the eigenvectors during paced beats were not significantly different (P > 0.4) from that observed during Table 2 ). The left ventricle reached a similar end-systolic configuration as during normal sinus rhythm, but from smaller end-diastolic volumes. Neither the end-systolic eigenvector orientation nor the values of the three associated eigenvalues at end systole differed significantly (P > 0.4) from those observed during normal sinus beats (Tables 1 and 2 ). This result indicates that the left ventricle reached the same end systolic configuration regardless of pacing site (i.e., the manner in which the myocardium was depolarized).
This situation contrasts with that observed at end diastole. Pacing from different sites was associated with significant decreases in equatorial end-diastolic eigenvalues and, as a result, the end-diastolic eigenvolume ( Table 3 ). The end-diastolic values of XLONG were not significantly different for any of the different pacing sites. However, the end-diastolic values of X SF and XAP became progressively smaller for beats paced from the left ventricular septum, left ventricular apex, and right ventricular apex, indicating that pacing from these sites produced progressively smaller equatorial dimensions.
Another factor that made the pattern of contraction of the paced beats different from the normal sinus beats was the presence of a transient inward wall motion which occurred at end systole, at ap- proximately the time of dP/dt m n (Fig. 5B, arrow) . This motion was seen in two of six dogs during pacing from the left ventricular septum, in four of six dogs during pacing from the left ventricular apex, and in all six dogs during pacing from the right ventricular apex. This inward wall motion generally occurred in the long or septum-freewall directions, although in one dog it occurred in the anteroposterior direction.
Paced Beats: Rotation
Just as the left ventricle reached a similar endsystolic configuration regardless of pacing site, it rotated to a similar end-systolic orientation regardless of pacing site (Table 1) . In contrast, the rotation of the left ventricle at end diastole varied significantly with pacing site (Table 3) . Rotation began in a righthanded sense about the axis of rotation as the left ventricle began to eject. Rotation changed to a lefthanded sense as the ventricle began to fill (Fig.  8) . Furthermore, the relationship between rotation and eigenvolume fell along a similar curve for beats paced from all sites. Thus, the significant variation in end-diastolic orientation of the heart is probably secondary to the changes in end-diastolic size.
Eigenvolume and Cardiac Output
End-diastolic eigenvolumes varied significantly with pacing site whereas end systolic eigenvolumes did not (Tables 1 and 3 ). The end-diastolic eigenvolumes, listed from largest to smallest, were those associated with normal sinus beats, right atrial pacing, left ventricular septal pacing, left ventricular apical pacing, and right ventricular apical pacing. Changes in X S F and X AP accounted for most of the change in end-diastolic eigenvolume with pacing site.
As would be expected from these results, stroke eigenvolume (defined as end-diastolic minus endsystolic eigenvolume) varied significantly among the beats paced from different sites (Table 4 ). Right ventricular apical pacing produced a significantly lower stroke eigenvolume than did pacing from the other sites. When cardiac output was estimated by multiplying stroke eigenvolume by heart rate, cardiac output was remarkably stable among the normal sinus beats and all paced beats except the right ventricular apex, which yielded a significantly lower output (Table 4) . Changes in cardiac output measured by thermal dilution failed to reach statistical significance, but exhibited a similar trend.
Pressures
Left ventricular, aortic, and pulmonary artery pressures, and dP/dtmax did not change significantly Circulation Research/Vol. 53, No. 1, July 1983 among normal sinus and paced beats, regardless of pacing site (Table 5 ). However, during right ventricular apical pacing, left ventricular and aortic systolic pressures, and dP/dtma* tended to be lower than during pacing from the other sites. This tendency is compatible with our results for the three-dimensional pattern of contraction, which indicate that right ventricular apical pacing produced a contraction which ejected less blood.
Pressure-Eigenvolume Loops
Normal sinus beats had the largest pressure-eigenvolume loop areas; beats during right atrial, left ventricular septal, and left ventricular apical pacing had smaller areas, and beats during right ventricular apical pacing had the smallest areas ( Fig. 9 ; Table  4 ). These changes in loop areas resulted primarily from changes in end diastolic rather than end systolic eigenvolume.
Discussion
In addition to providing information on the cardiac effects of pacing, this paper significantly advances the methodological ideas Walley et al. (1982) advanced in four ways. First, Walley et al. specifically avoided making any firm conclusions about the orientation and stability of the principal directions of left ventricular cavity deformation because the cineradiography frame rate was not fast enough to permit making confident conclusions. This paper demonstrates that the principal directions remain fixed with respect to the heart's anatomy during systole. Second, Walley et al. suggested that changes in the heart's depolarization pattern would affect the amount of shortening and orientation of the principal directions during systole. This paper partially disproves that suggestion; whereas the depolarization pattern does affect the left ventricle's contraction pattern, the predominant effects are on enddiastolic rather than end-systolic configuration. Moreover, the depolarization pattern does not appear to affect the orientation of the principal directions during systole. Third, this paper extends the range of physiological conditions under which the assumption of homogeneous cavity deformation • n = 6. 18 5 * n =-= 6 except for maximum pulmonary artery pressure when n = 5 due to a transducer malfunction during experiment 320.
(that underlies this analysis) appears valid. Fourth, this paper develops a new procedure that permits objective statistical comparison of different threedimensional contraction patterns of the left ventricle. This work is the next step in the theoretical development Walley et al. initiated .
The results in this study for normal sinus beats are qualitatively similar to our previous work (Walley et al., 1982) . The greater stability of eigenvector orientation in this study compared with the previous one is due to the higher frame rate (60 vs. 30 frames/ sec) and more accurate marker digitization. Data from this study indicate that the left ventricles were contracting to a significantly greater degree in the equatorial plane (smaller A S F and X AP ) than reported in our earlier work. This difference may reflect greater skill in marker implantation, yielding markers located closer to the true endocardium.
Electrical depolarization is a major determinant of the pattern of ventricular contraction (Hotta, 1967) . Previous studies (Durrer et al., 1970; Myerberg et al., 1972; Scher and Young, 1956 ) demonstrated initial left septal and subsequent right ventricular activation, with left ventricular activation proceeding from apex to base during normal sinus beats. Based on these electrophysiological observations, one might expect the order of pacing sites producing beats from most to least similar to normal sinus beats to be: right atrium, left ventricular septum, left ventricular apex, and right ventricular apex. This paper provides the first experimental demonstration that this prediction is true.
This paper also presents data on the pattern of contraction during pacing from different sites. Despite the different end-diastolic eigenvolumes, the end-systolic eigenvolumes were not significantly different among the different pacing sites. Other investigators have reported similar observations. Miyazawa et al. (1978) described that pacing produced changes in end-diastolic but not end-systolic volumes. Glick et al. (1966) described a change in enddiastolic but not end-systolic length for beats paced from the left ventricle but not from the right atrium. Since rightsided pacing was completed before leftsided pacing in five of our six dogs, it is extremely unlikely that the changes we observed were due to physiological deterioration of the dog during the experiments.
Left ventricular contractility did not appear to be significantly depressed because, although dP/dt™* was the lowest for right ventricular apical pacing, this difference was not significant. The end-systolic points of the pressure-eigenvolume loops fall near a straight line ( Fig. 9) , further suggesting the left ventricular contractility was similar for the different pacing sites. Finally, changes in afterload did not explain the changes in end-diastolic volume because the maximal aortic pressure was not significantly different among the different pacing sites. Thus, the changes in performance appear to be due to reduced filling or increased mitral regurgitation rather than an alteration in the ventricle's ability to contract during systole.
Several factors may affect ventricular filling and, therefore, end-diastolic volume. These factors include: (1) reflex changes in venous return; (2) the timing and competence of atrioventricular valve closure, and, hence, the atrial contribution to ventricular filling and the possibility of mitral regurgitation;
(3) the presence of areas of delayed contraction and relaxation; and (4) ventricular interaction due to altered septal motion secondary to different depolarization patterns.
Reflex changes in venous return may explain most of the changes in end-diastolic eigenvolume we observed. If the tissues determine their flow needs and the normal circulation adjusts to meet those needs, cardiac output should remain relatively constant regardless of pacing site. Our estimate of cardiac output (stroke eigenvolume times heart rate) does not change significantly among beats in normal sinus rhythm, and paced from the right atrium, left ventricular septum, and left ventricular apex (Table  4 ). Since the heart rates are higher during pacing, the stroke eigenvolumes must be smaller to hold cardiac output constant. Because arterial pressures are also relatively constant (Table 5) , end-systolic eigenvolume (Table 1) is effectively clamped with no change in the left ventricle's systolic function; end-diastolic eigenvolume must fall to maintain cardiac output constant. Thus, for right atrial and leftsided pacing, the change in end-diastolic volume can be simply explained when viewed as part of an overall circulatory adjustment. This mechanism does not, however, explain why pacing from the right ventricular apex is so different from the other pacing sites. Both cardiac output (Table 4 ) and end-diastolic eigenvolume (Table 3 ) fall significantly during pacing from the right ventricular apex.
The timing of atrioventricular valve closure might have been altered by pacing from different sites, thus affecting left ventricular end-diastolic volume. However, at the slower rates in our study, diastole was probably long enough for the left ventricle to fill passively to the capacity of the left atrium and pulmonary veins. We did not measure the ventriculoatrial conduction interval, the amount of atrial contribution, or the amount of mitral regurgitation. For the beats paced from the ventricles, we only analyzed beats without a "P* wave prior to the QRS complex on the ECG and without an "a' wave prior to systole on the pressure tracings. These criteria eliminated the effects of atrial contribution on ventricular filling for all beats paced from the ventricles, Circulation Research/Vo/. 53, No. 1, July 1983 regardless of pacing site. Endocardial recordings verified the lack of atrial contribution because atrial systole occurred during ventricular systole, i.e., when the atrioventricular valves were closed (Fig.  1) . Therefore, although changes in atrial contribution may explain some of the differences we observed between normal sinus beats and beats paced from the right atrium compared to left ventricular paced beats, such changes cannot be used to explain differences observed between the ventricular pacing sites.
Pacing from different sites might affect the competence of mitral valve closure, and thereby alter left ventricular end-diastolic volume. On one hand, Braunwald et al. (1966) and Williams et al. (1967) found that the timing of atrial systole relative to ventricular systole did not create significant mitral regurgitation. On the other hand, Tsakiris et al. (1976) found that, for effective mitral valve closure, ventricular systole must occur either after the mitral valve cusps had begun to move toward the atrium or when the leaflets were motionless. Mitral regurgitation occurred if the premature ventricular contraction suddenly interrupted the cusps' motion toward the ventricle during three periods of diastole:
(1) valve opening early in diastole, (2) rebound following diastolic closure, or (3) atrial opening of the valve leaflets. The mitral regurgitation occurred at the time of leaflet closure and may have been due to the fact that the posterior leaflet arrived at the closed position later than the anterior leaflet.
The timing of papillary muscle contraction may affect mitral valve closure. Marzilli et al. (1980) have shown that the papillary muscle shortens throughout isovolumic relaxation, suggesting that it may have a role in mitral valve opening. They have also shown that elongation of the papillary muscle in late diastole may be necessary to close the mitral valve leaflets properly. Yellin and co-workers (Yellin et al., 1981; McQueen et al., 1982) conclude that proper diastolic chordal tension simply creates optimal conditions for mitral valve closure at end diastole. The effect of different pacing sites on papillary muscle contraction is not known. If the papillary muscle and chordae did not maintain tension on the mitral valve leaflets to keep them closed during systole, or maintained tension to keep the leaflets open during systole, mitral regurgitation would occur. However, neither isolated infarction of the papillary muscle (Mittal et al., 1971; Taylor et al., 1970) nor isolated infarction of the left ventricular wall in the area of the infarcted papillary muscle (Mittal et al., 1971 ) produces mitral regurgitation. Mitral regurgitation did occur when both the papillary muscle and the adjacent left ventricular wall were infarcted (Mittal et al., 1971) . Godley et al. (1981) reported a similar finding in patients. Therefore, mitral regurgitation may have been present in our dogs due to an alteration in the timing of contraction of the papillary muscle and the adjacent left ventricular myocardium. Pacing from different sites may have caused different amounts of mitral regurgitation, thus explaining the differences in end-diastolic volume.
The transient inward wall motion we observed at the end of systole in the septum-freewall or long direction during pacing from the ventricles might affect left ventricular end-diastolic volume. End systolic contraction during left ventricular epicardial pacing has previously been described (Hood et al., 1969; Badke et al., 1980) . These investigators noticed shortening of late-activated regional left ventricular segments which continued until early diastole. Ueda et al. (1968) noticed a midsystolic 'bulge' on cineangiography during epicardial ventricular pacing, which they postulated was due to an area of early relaxation. The transient inward wall motion we often observed at end systole may reflect an area of late depolarization that causes increased mitral regurgitation or impaired diastolic filling, hence a smaller end-diastolic volume.
Finally, ventricular interaction during pacing from different sites reflected by altered septal motion, might affect end-diastolic volume. The volume in one ventricle affects the other (Bove and Santamore, 1981) . Little et al. (1982) demonstrated that motion of the interventricular septum is dependent on the transseptal pressure gradient and the subsequent degree of asynchrony between right and left ventricular contraction. Oboler et al. (1973) described that right and left ventricular pacing change the relationship between right and left ventricular d P / d t^. Therefore, these alterations in pressure transients may have affected right and left ventricular filling due to altered septal motion.
Apparently conflicting data exist in the literature on the effect of different pacing sites on left ventricular performance. Four groups of earlier investigators using epicardial or endocardial pacing electrodes in dogs agree with our conclusion that the best left ventricular pacing sites ejected more blood than the right ventricular pacing site (Daggett et al., 1970; Finney, 1965; Lister et al., 1964; Tyers, 1968 ). On the other hand, four other groups of investigators using intramyocardial pacing electrodes in dogs report no change in left ventricular performance using different pacing sites (Fletcher et al., 1963; Starzl et al., 1955; Tsagaris et al., 1970; William-Olsson and Andersen, 1963) . These data suggest that intramyocardial pacing produces patterns of contraction significantly different than those produced by endocardial pacing. Our study differs from those cited above because the dog's chest was never opened, so the pericardium and the conducting system were intact and no adhesions were present. In addition, we used chloralose and morphine anesthesia instead of pentobarbital, which may have maintained more normal neurohumoral control of the heart.
Contradictory results on the effects of pacing from different sites also exist in human studies. These contradictions may in part be due to grouping people with varying degrees of heart disease. Two groups 83 of investigators concluded that right ventricular pacing produced a decrease in left ventricular performance (Hamby and Aintablian, 1980; Samet et al., 1968) , and two groups of investigators found no change (Barold et al., 1969; Benchimol et al., 1965) . Pacing from different sites may produce small changes in left ventricular performance which may be accentuated, especially at high heart rates, in people with heart disease.
Our results indicate that the normal left ventricle reaches the same end-systolic configuration, regardless of how it is depolarized. Its end-diastolic configuration, however, varies considerably during pacing from different sites. This variability is in addition to that associated with changes due to heart rate. Thus, variables that depend mostly on the left ventricle's end systolic configuration (e.g., end-systolic pressure) do not change with pacing site, whereas variables that depend on both end-diastolic and endsystolic configuration (e.g., stroke volume or segmental shortening) do vary with pacing site. This distinction may help resolve some of the conflicts in the literature.
The question of how pacing site affects left ventricular performance is not only scientifically important to better understand how electrical and mechanical events are linked in the intact heart, but also has clinical relevance. We have shown that pacing normal dog hearts from sites that are progressively farther from the origin and propagation of a normal impulse in the heart's specialized conduction system produces beats that are progressively more different from a normal sinus beat. Although this finding may seem intuitively obvious, it has never been demonstrated. These findings raise the question of how pacing from different sites might affect patients with different types of heart disease and whether clinicians should be testing both endocardial and epicardial pacing sites to find the best site for a given patient.
Appendix
Computation of Euler Angles
The following procedure, described by Kane et al. (1982) , can be used to compute the Euler angles, a u a 2 , and a 3 from the orthonormal matrix E = [ei,]:
If |E 3 ,| * 1, take a 2 = sin" 1 (-E 3] ) -TT/2 < a 2 < TT/2. 
